ABSTRACT: An experiment was conducted to determine the effect of dietary phytic acid (PA) and phytase supplementation on small intestinal histomorphology and Na-dependent glucose transporter 1 (SGLT1) gene expression in piglets. Twenty-four piglets with an average initial BW of 7.60 ± 0.73 kg were randomly assigned to 3 experimental diets, to give 8 piglets per diet. The diets were a casein-cornstarch-based diet that was supplemented with 0 or 2% PA, or 2% PA (as Na phytate) plus an Escherichia coli-derived phytase at 500 phytase units/kg. The basal diet was formulated to meet the 1998 NRC energy, digestible AA, mineral, and vitamin requirements for piglets. After 10 d of feeding, the piglets were killed to determine small intestinal histomorphology and small intestinal SGLT1 gene expression. Phytic acid supplementation did not affect (P > 0.1) villus height (VH) and the VH-to-crypt depth (CD) ratio, but did decrease (P < 0.05) CD in the jejunum. Phytase supplementation did not affect (P > 0.1) VH, CD, and the VH-to-CD ratio. Phytic acid supplementation reduced SGLT1 gene expression in the duodenum, jejunum, and ileum by 1.1-, 5.4-, and 2.4-fold, respectively. Phytase supplementation increased SGLT1 gene expression in the jejunum by 2.6-fold, but reduced SGLT1 gene expression in the duodenum and ileum by 2.0-and 4.0-fold, respectively. In conclusion, PA reduced CD in the jejunum and SGLT1 gene expression in the duodenum, jejunum, and ileum, whereas phytase supplementation increased the expression of SGLT1 in the jejunum. The reduced SGLT1 gene expression by PA implies that PA reduces nutrient utilization in pigs partly through reduced expression of SGLT1, which is involved in glucose and Na absorption. The increased expression of SGLT1 in the jejunum by phytase supplementation implies that phytase alleviated the negative effects of PA partly through increased expression of SGLT1.
INTRODUCTION
Phytic acid (PA) reduces mineral digestibility in pigs (Bedford, 2000) and has recently been shown to lead to negative apparent ileal digestibility values for Na in piglets (Woyengo et al., 2009) , indicating increased endogenous Na flow at the terminal ileum attributable to PA. Although it has been reported that PA binds divalent cations, thus reducing their availability for absorption (Maenz, 2001) , information is lacking on the mechanisms by which PA increases the endogenous Na flow. Sodium, a monovalent cation, forms weaker bonds with PA than do divalent cations; thus, its availability for absorption is unaffected by PA (Scheuermann et al., 1988) .
Sodium is absorbed or reabsorbed from the small intestine partly by cotransportation with glucose (Fordtran, 1975) , and its absorption has been shown to increase with an increase in glucose absorption (Schiller et al., 1997) . Because PA has been shown to reduce ileal energy digestibility (Liao et al., 2005) and starch, which yields glucose, is a major energy source in practical swine diets, the increased endogenous flow of Na at the terminal ileum may be due, in part, to reduced absorption of glucose by PA. Glucose is transported across the brush boarder membrane of enterocytes by the Na-dependent glucose cotransporter 1 (SGLT1) protein, and its expression can be reduced with a de-crease in the availability of glucose for absorption (Dyer et al., 1997) . Thus, the effect of PA on SGLT1 synthesis is indicative of its effect on glucose absorption, and hence on Na absorption. In addition, because the villus height (VH) can be reduced with a decrease in the availability of nutrients for absorption (Pluske et al., 1996) , the effect of PA on small intestinal histomorphology may be indicative of its effect on nutrient absorption. However, the effect of PA on intestinal histomorphology and SGLT1 expression in pigs has not been determined. Information on the effect of PA on intestinal histomorphology and SGLT1 expression in pigs is of critical importance to gain insight into the mechanisms by which PA increases the ileal endogenous Na flow (and hence reduces nutrient utilization) in pigs as well as into the effectiveness of possible interventions. Therefore, the objective of this study was to determine the effects of PA and phytase on small intestinal histomorphology and SGLT1 gene expression in piglets.
MATERIALS AND METHODS
All experimental procedures were reviewed and approved by the University of Manitoba Animal Care Protocol Management and Review Committee, and pigs were handled in accordance with guidelines described by the Canadian Council on Animal Care (1993).
Experimental Animals and Housing
Twenty-four (Yorkshire-Landrace ♀ × Duroc ♂) piglets (balanced for sex; Genesus Inc., Oakville, Manitoba, Canada) with an initial BW of 7.60 ± 0.73 kg were obtained immediately after weaning and were group-housed in pens and monitored for consumption of a commercial starter diet to ensure that piglets were healthy and able to eat. After 3 d, piglets were housed individually in pens (1.5 × 1.2 m) with smooth sides and plastic-covered expanded metal flooring in a temperature-controlled room (30 ± 2°C) and were fed experimental diets.
Experimental Diets and Procedure
The 3 diets fed were a casein-cornstarch-based diet without PA and phytase (control diet), the control diet plus 20 g of PA/kg (as Na phytate, Sigma-Aldrich Corporation, St. Louis, MO), and the control diet plus 20 g of PA/kg plus an Escherichia coli-derived phytase [Danisco (UK) Ltd., Northamptonshire, UK] at 500 phytase units/kg. Phytic acid was supplemented at 20 g/kg because we had previously observed PA-induced negative apparent ileal digestibility of Na and Mg, which indicated their increased endogenous losses when PA was supplemented at the same amount (Woyengo et al., 2009 ). The basal diet, from which the other 2 diets were derived, was formulated to meet or exceed NRC (1998) energy, digestible AA, mineral, and vitamin requirements for piglets (Table 1) . The diets and water were offered ad libitum to the piglets for 10 d in a completely randomized design with 8 piglets per diet, and the diets were fed in mash form. After the experiment, the piglets were anesthetized by an intramuscular injection of ketamine:xylazine (20:2 mg/kg; Bimeda-MTC Animal Health Inc., Cambridge, Ontario, Canada) and killed by an intravenous injection of Na pentobarbital (50 mg/kg of BW; Bimeda-MTC Animal Health Inc.). The abdominal cavity was exposed by midline laparotomy. Two 2-cm sections (samples) of duodenum (at 10 cm below the pylorus), jejunum (at 160 cm below the pylorus), and ileum (at 10 cm above the ileocecal junction) were obtained for determination of histomorphology and SGLT1 gene expression. Samples for histomorphology analysis were fixed by immersing in 10% neutral buffered solution in vials at room temperature. The samples for SGLT1 gene expression analysis were immediately rinsed using PBS, frozen in liquid N, and stored at −80°C.
Histomorphology Analysis
After 48 h in 10% neutral buffered solution, samples were transferred into vials containing 50% ethanol for 15 min, transferred to vials containing 70% ethanol, and then sent to a commercial laboratory for processing (Veterinary Diagnostic Services Manitoba Agricul- Other includes cellulose, 30 g/kg; limestone, 13.0 g/kg; monocalcium phosphate, 13.0 g/kg; salt, 5.0 g/kg; potassium carbonate, 4.0 g/ kg; magnesium oxide, 1.0 g/kg; and chromic oxide, 3.0 g/kg.
2 Supplied the following per kilogram of finished diet: retinol, 2,479 μg; cholecalciferol, 25 μg; α-tocopherol, 13.4 mg; phylloquinone, 1.1 mg; riboflavin, 5 mg; nicotinamide, 36.8 mg; cyanocobalamin, 25 mg; pyridoxine, 4.4 mg; biotin, 200 mg; pteroyl(mono)glutamic acid, 1 mg; choline, 781 mg; Cu, 6 mg (copper sulfate); I, 0.28 mg (calcium iodide); Fe, 100 mg (ferrous sulfate); Mn, 40 mg (manganese oxide); Se, 0.30 mg (sodium selenite); and Zn, 100 mg (zinc oxide).
3
The analyzed phytase activities in the basal diet plus phytic acid and the basal diet plus phytic acid and phytase were 78 and 554 phytase units/kg, respectively. ture, Food and Rural Initiatives, Winnipeg, Manitoba, Canada). Villus height from the tip of the villi to the villus-crypt junction and crypt depth (CD) from the villus-crypt junction to the base were measured at 10× magnification using a microscope (Axiostar Plus Microscope, Carl Zeiss, Oberkochen, Germany) equipped with a camera (Cannon, Mississauga, Ontario, Canada) and software (NIH ImageJ software, NIH, Bethesda, MD) in 10 well-oriented villi and crypt columns. The VH-to-CD ratio was calculated.
Messenger RNA Quantification
Duodenal, jejunal, and ileal samples were removed from −80°C storage and placed on ice until completely thawed. A total of 70 to 80 mg of tissue was added to 1 mL of ice-cold TRIzol reagent (Invitrogen Canada Inc., Burlington, Ontario, Canada) and homogenized with a homogenizer at full speed for 1 min. The homogenate was transferred to a 1.5-mL tube, and 200 μL of chloroform was added to the TRIzol mixture. After centrifugation at 13,400 × g for 10 min at 4°C, the aqueous phase was carefully transferred to a new 1.5-mL tube, and the RNA was precipitated with 500 μL of isopropanol and washed with 75% ethanol. The RNA pellet was resuspended in 50 to 100 μL of deoxyribonuclease-and ribonuclease-free water, and total concentration was measured at 260 nm on a DU800 spectrophotometer (Beckman Coulter Canada Inc., Mississauga, Ontario, Canada). The absorbance ratio at wavelengths of 260:280 nm was ≥2.0.
The cDNA was derived from total RNA by reverse transcription (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Foster City, CA). From the cDNA mixture obtained, SGLT1 mRNA expression was determined by real-time PCR (Fast SYBR Green Master Mix Kit, Applied Biosystems) and with β-actin as an endogenous control. The gene-specific primers are listed in Table 2 . The cDNA was amplified (StepOne Real-Time PCR System, Applied Biosystems), with results given as the cycle number (C T ), at which a cDNA transcript reached a selected amplification threshold. All PCR were performed in triplicate and under the following conditions: 95°C for 10 min, 40 cycles of 95°C for 3 s, and 60°C for 30 s. The specificities of PCR products were confirmed by melting curve analysis, which was done under the following conditions: 95°C for 15 s, 60°C for 1 min, and then an increase from 60 to 95°C at an interval of 0.3°C. Data were expressed by normalizing the expression (in C T ) of SGLT1 against the expression of β-actin (internal control; Schmittgen and Livak, 2008) using the following equation:
Expression of the SGLT1 gene for the diet containing PA alone was related to that for the control diet by the comparative C T (ΔΔC T ) method (Schmittgen and Livak, 2008) Expression of the SGLT1 gene for the diet containing PA plus phytase was related to that for the diet containing PA alone, also by the same method: ΔΔC T = ΔC T for the diet containing phytase and PA − ΔC T for the diet containing PA.
Fold change in expression of the SGLT1 gene attributable to PA or phytase supplementation was calculated using the following equation as described by Schmittgen and Livak (2008): fold change attributable to supplementation = 2 −ΔΔCT .
If the 2 −ΔΔCT value was greater than 1, then SGLT1 gene expression was increased by supplementation (Schmittgen and Livak, 2008) . If the 2 −ΔΔCT value was less than 1, then SGLT1 gene expression was decreased by supplementation, and the fold change reduction in expression was calculated as the negative inverse of the 2 −ΔΔCT value (Schmittgen and Livak, 2008) .
Statistical Analysis
The histomorphology data were subjected to ANO-VA as a completely randomized design (Steel et al., 1997) using the GLM procedure (SAS Inst. Inc., Cary, NC). The effects of PA and phytase were determined using specific contrasts (control diet vs. diet containing PA, and diet containing PA vs. diet containing PA and phytase; Steel et al., 1997) .
RESULTS AND DISCUSSION
Phytic acid supplementation reduced (P = 0.03) CD in the jejunum from 403 to 320 μm (data not shown), but not (P > 0.1) in the duodenum and ileum, and their mean values were 718 and 389 μm, respectively (data not shown). Villus cells originate from stem cells, which are located within the crypt (Shen, 2009). As the villus cells move up the crypt-villus axis, they differentiate into goblet cells and absorptive enterocytes, and they are expelled from the villi when they reach the villus tips (Shen, 2009 ). Crypt depth is positively correlated with the rate of cell proliferation (Hedemann et al., 2003) . The presence of nutrients in the lumen of the small intestine stimulates cell proliferation in the crypt (Goodlad and Wright, 1984) , and PA has been shown to reduce nutrient digestibility (Selle and Ravindran, 2008) , indicating that PA reduces nutrient availability in the lumen. Therefore, the reduced CD in the jejunum by PA supplementation might have been a result of the reduced proliferation of cells in the crypts attributable to reduced nutrient availability in the jejunal lumen. The lack of effect of PA on the CD in the duodenum and ileum is not clear. It could have been because they are not the major sites for the absorption of macronutrients (monosaccharides, AA, peptides, and fatty acids; Shen, 2009) , and their availability could be reduced by PA (Singh and Krikorian, 1982; Liu et al., 2008 Liu et al., , 2010 Woyengo et al., 2010) . Phytic acid supplementation did not affect VH or the VH-to-CD ratio. The mean values of VH in the duodenum, jejunum, and ileum were 865, 606, and 501 μm, respectively (data not shown). Villus height was positively correlated with the number of cells within the villi, which in turn, was a function of cell proliferation and migration rates along the crypt-villus axis and the cell loss rate at the tip of the villi (Ferraris, 2000) . Villus cell numbers have been shown to be less in starved than in fed mice (Goodlad and Wright, 1984) , whereas the villi have been reported to be shorter in piglets fed a restricted-milk diet than in piglets fed a milk diet ad libitum (Pluske et al., 1996; van Beers-Schreurs et al., 1998) . In addition, an infusion of nutrients into the small intestine of rats has been shown to increase VH (Clarke, 1977) , indicating that the reduced availability of nutrients in the intestinal lumen can result in reduced villus cell numbers and hence reduced VH. Thus, we hypothesized that PA supplementation would result in a reduced VH because the former has been shown to reduce nutrient availability. However, this was not the case. This lack of effect of PA on VH could have been due to the slow migration and maturation rates of cells along the villi and the cell loss rate at the tip of the villi. However, the mechanisms by which PA could cause these changes are not clear.
Phytase supplementation did not affect VH (data not shown), which may have been due to the lack of effect of PA on the same response criteria. It could also be because the control diet, to which PA and phytase were added, was formulated to be adequate in Ca and available P, which may have reduced the efficacy of phytase. Phytic acid reacts with divalent cations at intestinal pH to form insoluble PA-mineral complexes that cannot be hydrolyzed by phytase (Maenz, 2001) . Thus, an increased (adequate) dietary concentration of Ca can reduce the efficacy of phytase on PA hydrolysis. In addition, the catalytic activity of phytase is inhibited by its end product, inorganic P (Greiner et al., 1993) , indicating that an increased dietary concentration of inorganic (available) P can result in decreased hydrolysis of PA by phytase. Pirgozliev et al. (2007) also observed no effect of phytase on VH in chickens. Phytase supplementation did not affect CD in any section of the small intestine despite the reduced CD in the jejunum by PA; however, the reason for this is not clear. It could have been due to the low efficacy of phytase because of the greater Ca and available P contents in the basal diet.
Phytic acid supplementation reduced SGLT1 expression in the duodenum, jejunum, and ileum by 1.1-, 5.4-, and 2.4-fold, respectively (Table 3) . Phytic acid is negatively charged at the pH found in the stomach and small intestine, meaning that it can bind to positively charged nutrients in the gastrointestinal tract, thereby reducing their availability for absorption (Selle and Ravindran, 2008 ). In addition, PA can bind to endogenous digestive enzymes, thereby reducing their ability to digest nutrients (Cowieson et al., 2006; Selle et al., 2006) . Phytic acid has indeed been shown to reduce gastric pepsin activity in piglets (Woyengo et al., 2010) , trypsin activity in vitro (Singh and Krikorian, 1982) , α-amylase in vitro (Deshpande and Cheryan, 1984) , and intestinal α-amylase, sucrase, and maltase activities in chickens (Liu et al., 2008) . It has also been shown to reduce glucose absorption in broilers (Onyango et al., 2008) and the digestibility of various nutrients in pigs, including energy (Liao et al., 2005) . The synthesis of SGLT1 in the small intestine is positively correlated with glucose availability in the intestinal lumen (Dyer et al., 1997; Ferraris, 2001) . Therefore, the reduced SGLT1 expression by PA may have been due to the reduced availability of glucose for absorption by the PA. Liu et al. (2008) also observed reduced SGLT1 expression in the duodenum of chickens attributable to PA.
The presence of nutrients in the lumen of the small intestine stimulates cell production in the crypt (Goodlad and Wright, 1984) , whereas the synthesis of SGLT1 in cells migrating along the crypt-villus axis is determined by luminal nutrients when the cells are still in the crypts (Ferraris and Diamond, 1993; Ferraris, 2001) . This implies that the number of migrating cells and their expression of nutrient transporters are determined when they are still in the crypt. Therefore, the reduced SGLT1 expression in the jejunum by PA supports the hypothesis that the reduced CD by PA is due to a reduced proliferation of cells in the crypts as a result of reduced nutrient availability in the jejunal lumen.
We previously observed a negative apparent ileal digestibility value for Na in piglets (Woyengo et al., 2009) , indicating an increased endogenous Na flow at the terminal ileum of pigs caused by PA. Cowieson et al. (2004) also observed increased endogenous losses of Na in chickens in response to PA supplementation. The dietary and endogenous Na in the small intestine are absorbed or reabsorbed partly by cotransportation with other nutrients, including glucose (Fordtran, 1975) , and the absorption of Na has been shown to increase with increasing glucose absorption (Fordtran, 1975; Schiller et al., 1997) . The reduced SGLT1 expression by PA implies reduced glucose absorption by PA. Therefore, the increased endogenous losses of Na attributable to PA could partly be explained by a reduced absorption of glucose.
The magnitude of reduction in SGLT1 expression attributable to PA was greater in the jejunum than in the duodenum or ileum. Sodium-dependent glucose transporter 1 is more highly concentrated in the jejunum than in the duodenum or ileum, which have similar concentrations of PA (Gilbert et al., 2007; Balen et al., 2008) . The capacity of PA to bind molecules in the small intestine increases with an increase in pH (Maenz et al., 1999) . The pH in the small intestine increases from the proximal to the distal end, indicating that the capacity of PA to bind molecules is greater in the jejunum and ileum than in the duodenum. However, the optimal pH for the activity of alkaline phosphatase, which is produced in the small intestine and hydrolyses PA, is alkaline, indicating that the effect of PA on nutrient availability is less in the ileum than in the jejunum or duodenum. Therefore, the greater magnitude of reduction in SGLT1 expression caused by PA in the jejunum than in the duodenum or ileum could be explained by the higher pH in the jejunum than in the duodenum and less alkaline phosphatase activity in the jejunum than in the ileum, leading to an increased capacity of PA to reduce nutrient availability in the jejunum.
Phytase supplementation increased SGLT1 expression in the jejunum by 2.7-fold (Table 3) , which may have been due to its hydrolysis of PA, which binds to nutrients, thereby reducing their availability for absorption and hence SGLT1 expression. Phytase did not, however, completely neutralize the negative effects of PA on SGLT1 expression in the jejunum because it increased SGLT1 expression by only 2.7-fold, whereas PA reduced expression of the same gene by 5.4-fold. This could be due to the adequate Ca and available P contents in the basal diet, which could have reduced the efficacy of phytase. It would therefore be interesting to determine the effect of phytase on SGLT1 expression in pigs fed diets with reduced Ca and available P.
Phytase supplementation reduced SGLT1 expression in the duodenum and ileum by 2.0-and 4.0-fold, respectively (Table 3) , which is surprising because PA had already reduced the expression of the gene in these sections and phytase was expected to reverse the negative effects of PA. The reduction in SGLT1 expression in the ileum could be because most of the luminal glucose for the phytase-supplemented diet had already been absorbed in the jejunum owing to its increased availability by phytase. The jejunum is several times longer than the ileum; hence, an improvement in absorption of a nutrient in the former may result in a substantial reduction in the availability of the same nutrient in the latter. However, it is not clear why phytase supplementation reduced SGLT1 expression in the duodenum.
In conclusion, PA was able to reduce SGLT1 expression in the duodenum, jejunum, and ileum, and to reduce CD in the jejunum, whereas phytase supplementation increased the expression of SGLT1 in the jejunum. Because SGLT1 is involved in glucose and Na absorption, the reduced expression of SGLT1 by PA implies that the latter increased the endogenous flow of Na at the terminal ileum of pigs partly through reduced expression of SGLT1. It also implies that PA reduced nutrient utilization in pigs partly through reduced expression of SGLT1. The increased expression of SGLT1 in the jejunum by phytase supplementation implies that Table 3 . Effects of phytic acid (PA) and phytase on Na-dependent glucose transporter 1 (SGLT1) gene expression in the duodenum, jejunum, and ileum of piglets 1 GIT = gastrointestinal tract. 2 C T = cycle number, at which a cDNA transcript reached a selected amplification; ΔC T = normalized CT value, which was calculated as C T for SGLT1 minus C T for β-actin; ΔΔC T = comparative C T value, which was calculated as ΔC T for the diet containing PA minus ΔC T for the control diet (for PA diet), or ΔC T for the diet containing phytase and PA minus ΔC T for the diet containing PA (for the phytase diet); fold change = fold change in expression of the SGLT1 gene attributable to PA or phytase supplementation.
3 PA diet = control diet plus PA; phytase diet = control diet plus PA and phytase.
the latter alleviated the negative effects of PA through increased expression of SGLT1.
